The implementation of films with perpendicular magnetic anisotropy (PMA) enables a broad range of magnetic nanotechnologies. PMA materials have been implemented in hard disk drives for more than a decade delaying the onset of the superparamagnetic limit and are also the basis for prototype bit-patterned media.
1 There is current interest in integrating PMA materials into spin transfer torque magnetic random access memory (STT-MRAM) as PMA materials provide a pathway to low critical current and high thermal stability. 2 Perpendicular STT-MRAM devices need to combine large tunnel magnetoresistance (TMR) to read the information and large spin torque efficiency to switch magnetization with a polarised current. This has been largely achieved through the discovery of PMA in CoFeB/MgO/CoFeB magnetic tunnel junctions. [3] [4] [5] [6] [7] It has further been shown that the PMA can be tuned by the application of a voltage. [8] [9] [10] [11] [12] Theoretical analyses highlight different possible mechanism that would lead to PMA and generally involves band hybridization, spin-orbit coupling splitting or strain. [13] [14] [15] [3] [4] [5] [6] [7] and electric charges 17, 18 has been investigated. Besides, similar researches have focused on Co/AlO x interfaces 19, 20 and FePd/MgO. 21 Most of these recent experimental results confirm that Fe x Co 1Àx /MgO provides an anisotropy that is perpendicular to the interface.
However, the amplitude of PMA anisotropy found in the literature shows a large spectrum of PMA amplitude [6] [7] [8] [9] 17, 18 and the largest values stay much below the theoretical predictions. [13] [14] [15] One could argue that CoFeB-MgO interfaces obtained by sputtering exhibit structural defects whereas perfect interfaces are generally assumed in calculations. However even in molecular beam epitaxy (MBE) grown Au/Fe/MgO system, the Fe/MgO magnetic anisotropy is found to be much lower than the Au/Fe one, i.e., lower than 0.5 erg/cm 2 . 5, 9, 10 In this letter, we present a careful study of the magnetic features of MBE-grown single-crystal MgO/V/Fe/MgO (001) and MgO/Cr/Fe/MgO (001) heterostructures. Magnetization and magnetic anisotropies are measured by different techniques including magneto-optic Kerr effect (MOKE), ferromagnetic resonance (FMR), and magnetometry for Fe thickness ranging from 5 to 12 monoatomic layers (MLs). By considering the contributions of the Fe magneto-crystalline and shape anisotropies, and the V-Fe, Cr-Fe and Fe-MgO interfaces anisotropies, we can quantify the Fe-MgO interface anisotropy and compare to existing experimental and theoretical results.
The samples were grown on single-crystal MgO (100) substrate using MBE with a base-pressure lower than 10 À10 Torr. The V or Cr buffer layers were deposited at room temperature (RT) and then annealed at 600
C. An Fe wedge was then grown on the V or Cr buffer layers and covered with a 6-ML (1.2 nm) MgO(001) film. The typical stacking of a sample is thus V or Cr(10 nm)/Fe(t Fe )/MgO(1.2 nm) where the Fe thickness t Fe is varied from 5 to 12 MLs in 1 ML steps. Fe was deposited at RT with no further annealing and capped with MgO also at RT. The epitaxial relationship, growth mode, number of deposited MLs, and surface flatness were controlled in situ using reflection high energy electron diffraction (RHEED). Figures 1(a) and 1(b) show RHEED intensity oscillations recorded during the growth of Fe on Cr and V, respectively. The oscillation period corresponds to 1 ML, which allows accurate control of t Fe and demonstrates layerby-layer growth and a low surface roughness. The RHEED patterns in the insets confirm the (001) crystalline order for the Cr and V buffer layers and Fe magnetic layers. This apparent contradiction results from the difference in the magnetization of the Fe layers in both systems. The measured areal magnetic moment (i.e., M divided by sample area in erg/cm 2 ) should increase linearly with the Fe thickness. If the Fe atomic moment is the same for all Fe atoms in the film, the M /area (t Fe ) should be a straight line passing through 0, with a slope equal to the bulk Fe magnetization (about 1715 emu/cm 3 ). It is indeed observed in the Cr/Fe/ MgO system (see inset of Fig. 3 ). This means that the Fe atomic moment is similar in the whole film, and consequently also at the Cr/Fe interface. The V/Fe/MgO system does not behave the same way (inset in Fig. 3) . 3 which is close to the bulk Fe value), the straight line fit clearly crosses zero for 0.3 nm. Such results suggest that there is a deadlayer thickness t dl ¼ 0.3 nm indicating 2 dead magnetic MLs in our V/Fe/MgO samples. This behavior is in fact not surprising since a reduction of Fe magnetization at the interface with V is known and has been explained by roughness, charge transfer, and anti-parallel polarization of the V. 22, 23 An oxygen contamination of the starting V(001) surface should also contribute to these magnetic dead layers in Fe grown at RT. 24 The effective anisotropy constant K eff was extracted from the area between the out-of-plane and in-plane loops in one of the hysteresis quadrants. The results are shown in Fig. 3 where we plot the result for the magnetic thickness (t Fe À t dl ). We also measured the V/Fe/MgO wedge samples for t Fe ranging from 7 to 12 MLs using MOKE and FMR. The FMR measurements used a coplanar waveguide connected to a vector network analyzer to both generate and record the signal. The external DC magnetic field was applied in-plane. Figure 4 shows the typical FMR profiles obtained for in-plane magnetized samples. Shift in the field resonance with in-plane applied field gives access to the effective anisotropy through the relation
1/2 where x 0 is the frequency at resonance, c is the magneto-mechanical ratio for an electron spin, H ip is the strength of the static applied magnetic field, and H Keff is the effective anisotropy field of the sample H Keff ¼ 2K eff /M s (Ref. 25) (we ignore here the small Fe cubic anisotropy). MOKE experiments were performed with an applied field perpendicular to the sample plane. For all samples, typical hard axis loops were recorded and anisotropy fields were extracted assuming a square in-plane loop. The results for various thicknesses are also shown in Fig. 3 .
The values of effective anisotropies K eff extracted from SQUID-VSM, FMR, and MOKE experiments are plotted in 16 (here in CGS unity)
where K v is the magnetic volume anisotropy and K s is the interfaces anisotropy acting in the Fe layer. The À2pM s 2 term comes from the shape anisotropy for a thin film. The negative sign shows that this anisotropy term tends to align the magnetization in the film plane. The thickness t is the thickness of the film, but here we should take into account only the active magnetic layers, that is t ¼ t Fe À t dl . We thus get the linear relationship
where t dl ¼ 2 MLs for Fe on V and t dl ¼ 0 for Fe on Cr. We can go further by looking in details at the volume and interface anisotropy contributions. From the slope of the experimental curve in Fig. 3 . Therefore, we can conclude that K V is small as compared with shape anisotropy. Indeed, volume anisotropy of cubic Fe is usually of the order of few 10 5 erg/cm 3 (Refs. 26 and 27) and magnetoelastic contributions are expected to be small. It should be pointed out that a magneto-elastic contribution in K v should also be taken into account in the case of strained epitaxial thin films. This contribution is very small in Cr/Fe/MgO since the Cr/Fe misfit is around 0.6%. But the misfit is much larger in V/Fe, around 5.6%. Consequently, if the Fe growth on V is pseudomorphic, the magnetoelastic anisotropy should be non-negligible. However, we have shown in a previous study 28 that the critical thickness for plastic relaxation during Fe growth on V at RT in our MBE system is lower than 1 ML. This means that Fe layer relaxes to its stable bcc structure, leading to small magnetoelastic anisotropy. As a consequence, the volume anisotropy originates mostly from the demagnetization term.
There are two contributions in K s , one coming from the V-Fe or Cr-Fe interfaces, the other from the Fe-MgO one. V/ Fe/V superlattices have been heavily studied in the past and in-plane anisotropy has always been reported for Fe thickness as low as 3 MLs. [29] [30] [31] At low temperatures, Anisimov et al. found positive interface anisotropy of the order of few merg/ cm 2 that monotonically disappears as the temperature increases to RT. 29 The value of K s at Cr/Fe interface has been measured only once in Ref. 32 in real systems are difficult to take into account in calculations and may decrease this interface anisotropy.
In summary, detailed analysis of magnetic properties (magnetization, effective anisotropy) allows us to enlighten the origin of PMA in V/Fe/MgO(001) and Cr/Fe/MgO(001) epitaxial layers. The Fe thickness limit for getting PMA is found to be different in both systems (below 6 MLs in V/Fe/ MgO and 4 MLs in Cr/Fe/MgO). This is explained by the occurrence of 2 MLs magnetic dead layers in Fe on V that does not exist on Cr. For a given Fe thickness, the shape anisotropy is thus smaller in V/Fe than in Cr/Fe whereas the Fe/MgO interface anisotropy is found to be similar for both systems. This work allows an accurate and robust determination of the Fe/MgO interface anisotropy K s ¼ 1.0 6 0.1 erg/ cm 2 (mJ/m 2 ) responsible for PMA. Such a high K s (around 2 times larger than in the low spin-orbit prototype Co/Ni(111) system 
